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Abstract: 

At least one dispersion compensating fiber (DCF) is utilized to compensate for 
chromatic dispersion of an externally modulated signal carried by at least one 
single mode, standard fiber optic cable. The self phase modulation (SPM) effect 
in the standard fiber is characterized by a pulse compression and associated 
pulse distortion when a 1550 nm wavelength signal is launched into the fiber. 
Because the SPM effect in the DCF fiber is characterized by a pulse broadening 
for the same signal, the DCF fiber is also utilized to compensate for the SPM 
effect in the standard fiber. To this end, the signal power launched into the DCF 
fiber is controlled such that precise compensation for the SPM effect in the 
standard fiber can be achieved. Control of the launching power is needed 
because the mode field diameter of the DCF fiber is small 
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er than that of the standard single mode fiber so that the DCF fiber experiences 
the SPM effect at a lower power than the single mode fiber. 
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© System and method for simultaneously compensating chromatic dispersion and self phase 
modulation in optical fibers. 



© At least one dispersion compensating fiber 
(DCF) is utilized to compensate for chromatic disper- 
sion of an externally modulated signal carried by at 
least one single mode, standard fiber optic cable. 
The self phase modulation (SPM) effect in the stan- 
dard fiber is characterized by a pulse compression 
and associated pulse distortion when a 1550 nm 
wavelength signal is launched into the fiber. Because 
the SPM effect in the DCF fiber is characterized by 
a pulse broadening for the same signal, the DCF 



fiber is also utilized to compensate for the SPM 
effect in the standard fiber. To this end, the signal 
power launched into the DCF fiber is controlled such 
that precise compensation for the SPM effect in the 
standard fiber can be achieved. Control of the 
launching power is needed because the mode field 
diameter of the DCF fiber is smaller than that of the 
standard single mode fiber so that the DCF fiber 
experiences the SPM effect at a lower power than 
the single mode fiber. 
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BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

The present invention relates to optical com- 
munications through the use of optical signals 
which are transmitted along optical fibers and, 
more particularly, to a system and method for 
minimizing the effects of chromatic dispersion and 
self-phase modulation (SPM) during the transmis- 
sion of such signals. The invention is especially 
suitable for use in data communications over sin- 
gle-mode optical fibers by pulses which can repre- 
sent, as by pulse code modulation (PCM), bytes of 
data. 

DESCRIPTION OF THE PRIOR ART 

Optical fiber systems have the potential for 
achieving extremely high communication rates. Ex- 
isting single mode fiber systems have already 
demonstrated transmission rates in the multi- 
G bits/second range. Although quite large, however, 
this represents only a small fraction of the available 
bandwidth. Full utilization of the low-loss window in 
the 1.3-1.5 micrometer region represents a poten- 
tial available bandwidth on the order of 30 THz. 
Thus, future fiber-optic systems will likely be ca- 
pable of operating at data rates approaching and 
even exceeding 50 Gb/s. At these extremely high 
data rates the modulation bandwidth is so large 
that even for an ideal source without chirp or phase 
noise, fiber dispersion broadens the optical pulse 
and thus limits transmission. 

The majority of currently installed single mode 
fiber is dispersion optimized for 1310 nm 
wavelength and is typically referred to as "stan- 
dard** SM fiber. Once fiber losses are compensated 
for by Erbium-doped optical amplifiers, the ultimate 
speed and power limitations on data transmission 
rates in the standard fiber result from chromatic 
dispersion and non-linear optical effects such as 
self-phase modulation (SPM). Applications of 1550 
nm transmission systems on standard SM fibers 
have therefore attracted considerable attention to 
compensation schemes for chromatic dispersion 
and SPM. 

It has, for example, been proposed to accom- 
plish chromatic dispersion compensation in sys- 
tems employing directly modulated lasers by mea- 
suring the dispersion characteristic of each section 
of standard SM fiber between amplifica- 
tion/compensation sites or nodes of the optical path 
and to then insert an appropriate amount of disper- 
sion compensating fiber (DCF) at the end of each 
section. For one example of this technique, refer- 
ence may be had to U.S. Patent No. 5,218,662, 
entitled FIBER OPTIC CABLE SYSTEM AND 



METHOD FOR DISPERSION COMPENSATION AT 
NODES BETWEEN END POINTS, issued to Dugan 
on June 8. 1993. The strong negative dispersion 
coefficient of the DCF fiber is utilized to offset the 
5 positive dispersion coefficient of the standard fiber. 
However, this concept does not consider or ad- 
dress the existence of non-linear effects in the 
fibers. In most applications, high optical power is 
launched into standard fiber to transmit the signal 

10 over long distances. This high power inevitably 
causes nonlinear effects in the fiber; the effects, 
particularly SPM, induce spectral broadening of the 
optical signal and therefore distort the optical 
pulse. This SPM effect must be compensated in 

is order to achieve long distance transmission. More- 
over, the method proposed by Dugan employs a 
directly modulatable laser transmitter, which inher- 
ently produces broad spectral signals. Therefore, 
this method requires relatively accurate compensa- 

20 tion of the dispersion. 

Nobuo Suzuki et al., in a paper entitled "Si- 
multaneous Compensation of Laser Chirp, Kerr Ef- 
fect, and Dispersion in 10 Gb/s Long Haul Trans- 
mission Systems", 11 Journal of Lightwave Tech- 

25 nology, No. 9 (September 1990), discuss a disper- 
sion compensation technique in which laser tran- 
sient chirp and SPM are simultaneously compen- 
sated by equalizing fibers inserted within certain 
intervals before the EDFA's. Like the Dugan sys- 

30 tern, however, the Suzuki technique is limited to 
systems in which a directly modulated laser operat- 
ing in the SL-MQW structure is utilized. This tech- 
nique is therefore inapplicable to externally modu- 
lated transmission systems in which a laser op- 

35 erated in CW mode is employed, and no transient 
chirp is available to compensate the SPM. 

Consequently, it would be advantageous to 
provide a 1550 nm optical fiber communication 
system employing embedded standard single 

40 mode fibers in which chromatic dispersion and self 
phase modulation are compensated only by the 
optical repeaters newly installed. That is, the si- 
multaneous compensation in such a system would 
be achieved without changing any parameters of 

45 the existing transmission systems. 

SUMMARY OF THE INVENTION S 

The aforementioned object, as well as others 
so which will become apparent to those of ordinary 
skill in the art, are achieved by a system in which 
at least one dispersion compensating fiber (DCF) is 
utilized to compensate for chromatic dispersion of 
an externally modulated signal carried by at least 
55 one single mode, standard fiber optic cable. The 
SPM effect in the standard fiber is characterized by 
a pulse compression and associated pulse distor- 
tion when a 1 .55 wavelength signal is launched into 
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the fiber. Because the SPM effect in the DCF fiber 
is characterized by a pulse broadening for the 
same signal, the DCF fiber can also be utilized to 
compensate for the SPM effect in the standard 
fiber. To this end, means are provided for control- 
ling the power launched into the DCF such that 
precise compensation for the SPM effect in the 
standard fiber can be achieved. Such control of the 
launch power is needed because the mode field 
diameter of the DCF is smaller than that of the 
standard single mode fiber so that the DCF fiber 
experiences the SPM effect at a lower power than 
the single mode fiber. 

Optical repeaters constructed in accordance 
with the present invention may be utilized at var- 
ious intervals along an extended optical path to 
restore optical signal levels. Each optical repeater 
module includes a section of DCF, a first amplifier 
having an output coupled to a first end of the DCF, 
and a second amplifier having an input coupled to 
a second end of the DCF. One of the main pur- 
poses of the first amplifier is to control the power 
launched into the DCF for optimum SPM com- 
pensation, while the purpose of the second am- 
plifier is to offset the insertion loss introduced into 
the optical path by the DCF fiber while launching 
the high power into the succeeding standard mode 
fiber. 

Other objects and features of the present in- 
vention will become apparent from the following 
detailed description considered in conjunction with 
the accompanying drawings. It is to be understood, 
however, that the drawings are designed solely for 
purposes of illustration and not as a definition of 
the limits of the invention, for which reference 
should be made to the appended claims. 

DETAILED DESCRIPTION OF THE DRAWINGS 

In the drawings, wherein like reference char- 
acters denote similar elements throughout the sev- 
eral views: 

FIG. 1 is a block diagram depicting a system 
employing a compensating unit constructed in 
accordance with the present invention; 
FIGS. 2A-2H are a series of eye diagrams for 
use in comparing the varying levels of com- 
pensation achieved by the compensating unit of 
FIG. 1; 

FIG. 3 is a block diagram depicting an alternate 
embodiment of a compensating unit constructed 
in accordance with the present invention; 
FIG. 4 is a block diagram depicting still another 
embodiment of a compensating unit constructed 
in accordance with the present invention; and 
FIG. 5 is a block diagram depicting a commu- 
nication system in which several compensating 
units are employed along an extended optical 



path, thereby serving as optical repeaters. 

DETAILED DESCRIPTION OF THE PRESENTLY 
PREFERRED EMBODIMENTS 

5 

As indicated above, it has heretofore been pro- 
posed to utilize lengths of DCF fiber to compensate 
for chromatic dispersion in a standard single mode 
fiber of a directly modulated system. The present 

10 embodiment simultaneously compensates both 
chromatic dispersion and self phase modulation 
simultaneously. 

As will be readily appreciated by those skilled 
in the art, self-phase modulation (SPM) is intro- 

75 duced or experienced when a 1550 nm signal of 
high power is launched into a standard fiber 16 
(FIG. 1). Because the standard fiber exhibits an 
anomalous dispersion region for a 1550 nm signal, 
the SPM effect appears as a pulse compression 

20 and associated pulse distortion. On the other hand, 
the SPM effect in the DCF fiber appears as a pulse 
broadening because the DCF fiber experiences the 
1550 nm wavelength signal in the normal disper- 
sion region. Moreover, the DCF fiber, which has a 

25 smaller mode field diameter than standard single 
mode fiber, experiences the SPM effect at a signifi- 
cantly lower power than the standard fiber. The 
present invention recognizes that by reduc- 
ing/controlling the power level of the optical signal 

30 launched into the DCF fiber, it is possible to com- 
pensate not only for the dispersion effect of stan- 
dard fiber, but also for pulse compression caused 
by SPM in the standard fiber. 

Thus, and with initial reference to FIG. 1 , there 

S3 is shown a portion of an externally modulated op- 
tical fiber transmission system 10 constructed in 
accordance with the present invention. A transmit- 
ter 12 which may, for example, comprise a suitable 
laser and a LiNbOs modulator, produces a pulsed 

40 1550 nm wavelength signal. The pulses are laun- 
ched by an optical device, such as an erbium- 
doped fiber amplifier (EDFA) 14, into a standard 
single mode fiber 16. As should be apparent to 
those skilled in the art, amplifier 14 eliminates the 

45 loss limit transmission and provides the high power 
required for launching into the optical path defined 
by standard single mode fiber 16. 

The pulses carried by single mode fiber 16 are 
received by a compensating unit 18 which, in the 

so embodiment depicted in FIG. 1, includes a first 
optical amplifier 20, a means for adjusting the 
optical power of the signal output by amplifier 20 
(an optical attenuator 22 in the illustrated embodi- 
ment), a section of dispersion compensating fiber 

55 24, and a second optical amplifier 26. Depending 
upon the length of the optical path, the output of 
the second amplifier 26 of compensating unit 18 
may be supplied directly to a receiver unit (not 
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shown) or, in a manner hereinafter explained, may 
be supplied via one or more additional standard 
fibers to corresponding intermediate compensating 
units, each such compensating unit functioning as 
an optical repeater in an extended optical path. 

The compensating unit 18 of FIG. 1 consists of 
three principal parts - i.e. amplifier 20, whose 
action is to restore the power of the externally 
modulated signal launched into standard fiber 16 
by transmitter 1 2, the DCF fiber 24, and means 22 
for controlling the power level of the optical signal 
delivered to the DCF fiber. FIG. 2A shows an eye 
diagram representing the output of the transmitter 
12, taken at point ll-A of FIG. 1, for a test system 
having a LiNb0 3 modulator-based transmitter mod- 
ulated with PSRW data at 10 Gb/s. FIG. 2B is an 
eye diagram, taken at point ll-B of FIG. 1, of the 
same NRZ signal after traveling through 113 km of 
standard fiber. The power launched into the 113 
km standard fiber was +12 dBm. As seen in FIG. 
2B, the SPM effect on the standard fiber is char- 
acterized by a pulse compression and results in a 
poor eye configuration. 

FIG. 2C is an eye diagram, taken at point ll-C 
in FIG. 1, which depicts the same optical signal 
represented in the diagram of FIG. 2B after it has 
passed through compensating unit 18. The power 
launched into the DCF by amplifier 20 was +3 
dBm. As seen in FIG. 2C, compensating unit 18 
provided both dispersion compensation and com- 
pensation of the SPM pulse compression induced 
in the standard fiber. The close resemblance of 
FIG. 2C to FIG. 2A confirms that the launch of the 
+ 3 dBm signal into the DCF fiber 24 fully com- 
pensates and corrects the SPM effect induced in 
the standard fiber. 

FIG. 2D is an eye diagram taken at the same 
location ll-C in FIG. 1 as FIG. 2C, the FIG. 2D 
differing only in that the power launched into the 
DCF fiber was increased to +11 dBm. The eye 
configuration in FIG. 2D demonstrates dispersion 
compensation as well as a slight over-compensa- 
tion of the SPM pulse compression induced in the 
standard fiber. FIG. 2E is similar to FIG. 2D with 
the launching power reduced to +8 dBm; compar- 
ing FIGS. 2D and 2E, a decrease in SPM over- 
compensation is clearly discernible. 

FIG. 2F is an eye diagram taken at the same 
location ll-C as FIGS. 2C-2E with a power of -2 
dBm launched into the DCF fiber. As in the case 
depicted in FIG. 2C, the eye diagram of FIG. 2F is 
almost identical to that of FIG. 2A. It is thus appar- 
ent that the effects of chromatic dispersion and 
SPM in the standard fiber are also completely 
compensated for at this relatively reduced power 
level. FIGS. 2G and 2H are eye diagrams taken at 
further reduced power levels of -7 dBm and -11 
dBm, respectively, at the input of the DCF fiber. 



It will be recalled that in the embodiment of 
FIG. 1 , the means for adjusting the optical power of 
the signal output by amplifier 20 before it is laun- 
ched into the DCF fiber 24 was configured as an 

5 optical attenuator 22. Although optical attenuators 
which are selectively operable to modify the power 
level of an input optical signal are well known and 
commercially available, it should be noted that oth- 
er techniques and components may alternatively 

w be utilized to control the launch power into the DCF 
fiber as appropriate for the purposes of the present 
invention. 

Accordingly, an alternate embodiment of an 
optical fiber transmission system 10 f constructed in 

is accordance with the present invention is depicted 
in FIG. 3. As there shown, a modulated optical 
signal is carried by standard single mode optical 
fiber 16 and amplified by optical amplifier 20 as 
necessary to achieve the desired launch power into 

20 DCF fiber 24. In this second embodiment, the 
optical attenuator is omitted and the gain of optical 
amplifier 20 is controlled directly by a mid-cros- 
sover point detector 32. Feedback control schemes 
employing such a detecting device acquire and 

25 lock at the optimum optical eye diagram. The de- 
tector 32 utilized by the illustrative embodiment 
may operatively involve, for example, the applica- 
tion of a dither frequency and phase detection of 
the DCF fiber output to optimize the output power 

30 of the optical amplifier. 

A further alternate embodiment of an optical 
communications system constructed in accordance 
with the present invention is depicted in FIG. 4 and 
is designated generally at 10". In this third embodi- 

35 ment, the mid-crossover point detector 32 utilized 
in the embodiment of FIG. 3 is replaced by a noise 
detecting module 34 which may include, by way of 
example, an electrical low pass filter (not shown). 
As will be apparent to those skilled in the art, an 

40 appropriate splitter and photodiode (not shown) 
may be utilized to convert the optical signal output 
by the DCF fiber 24 to an electrical input for such a 
filter. As indicated in FIG. 2D, the noise level of the 
signal will increase in response to over-compensa- 

45 tion - i.e. when too high a level of power is 
launched into the DCF fiber. Moreover, and as 
shown in FIG. 2H, degradation of the S/N ratio is 
readily discernible when the power level launched 
into the DCF fiber is too low. It will therefore be 

50 appreciated by those skilled in the art that the 
optimal dispersion and SPM compensation may 
also be achieved by adjusting the gain of amplifier 
20 when noise in the DCF output exceeds a pre- 
determined threshold. 

55 An illustrative optical communications system 

having an extended optical path defined by a plu- 
rality of standard single mode fiber sections 16a, 
16b and 16c is depicted in FIG. 5. As seen in FIG. 
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5, a 1550 nm wavelength optical signal is launched 
into standard fiber 16a by transmitter 12 and is 
received by a first repeating/compensating unit 
18a. Additional compensating units are indicated 
generally at 18b and 18c. Each repeat- 
ing/compensating unit 18a, 18b, 18c is configured 
essentially the same as compensating unit 18 of 
FIG. 1. The first amplifier (not shown) of com- 
pensating unit 18a thus serves to restore the power 
loss occurring as a result of transmission over the 
first fiber section 16a. The output of the first am- 
plifier is adjusted in accordance with a suitable 
feedback control technique such, for example, as 
those described in connection with FIGS. 1 , 3, and 
4, and is launched into the DCF fiber for com- 
pensation of chromatic dispersion and self-phase 
modulation as hereinabove described. The second 
amplifier of unit 18a, as the amplifier 26 of FIG. 1, 
restores the output power of the DCF fiber to offset 
insertion losses introduced thereby and launches 
the signal compensated by unit 18a into fiber sec- 
tion 16b. The compensation procedure is repeated 
at the site of each standard fiber section junction or 
node by additional repeating/compensating units, 
such as the units 18b and 18c in FIG. 5; additional 
repeating/compensating units 1 8, and additional 
section of fiber 16, may be added to further extend 
the communications system. The signal output by 
unit 18c is received and processed by a conven- 
tional receiver device 36. A optical communications 
system constructed in accordance with the present 
invention is thus adapted to provide simultaneous 
compensation of the loss, dispersion, and SPM 
introduced in each section of standard, single 
mode fiber along the optical path. 

The concepts embodied in the present inven- 
tion may be utilized in both digital and analog 
signal transmission and in either standard fiber or 
dispersion shifted fiber. Moreover, in addition to 
optical repeating applications, a compensating unit 
constructed in accordance with the present inven- 
tion may also be employed in other applications 
and arrangements in which dispersion and SPM 
compensation are desired, such as in power boost- 
er or optical pre-amplifier receiver applications. 

Thus, while there have been shown and de- 
scribed and pointed out fundamental novel features 
of the invention as applied to several preferred 
embodiments thereof, it will be understood that 
various omissions and substitutions and changes in 
the form and details of the disclosed invention may 
be made by those skilled in the art without depart- 
ing from the invention. It is the intention, therefore, 
to be limited only as indicated by the scope of the 
claims appended hereto. 



Claims 

1. A system for compensating optical dispersion 
and self phase modulation of a single mode 

5 fiber optic cable carrying an externally modu- 

lated optical signal, comprising: 

first optical amplifier means connectable to 
the fiber optic cable for receiving the optical 
signal from the cable and for amplifying the 

70 optical signal to a launching power; 

compensating means for receiving the am- 
plified optical signal from said first amplifier 
means and for compensating optical dispersion 
in the optical signal accumulated along said 

ts fiber optic cable; and 

means coupled to said first optical am- 
plifier means for modifying the launching pow- 
er of the amplified optical signal to be laun- 
ched into said compensating means, said 

20 modifying means being operable to compen- 

sate for self phase modulation introduced into 
the optical signal by the fiber optic cable. 

2. The system of claim 1 , wherein said fiber optic 
25 cable comprises a standard fiber optic cable. 

3. The system of claim 2, wherein said com- 
pensating means comprises a dispersion com- 
pensating fiber having a length selected to 

30 compensate for chromatic dispersion intro- 

duced into the optical signal by the standard 
fiber optic cable. 

4. The system of claim 1 , wherein said modifying 
35 means comprises an optical attenuator opti- 
cally coupled to said first amplifier means for 
selectively controlling the launching power of 
the optical signal to be launched into said 
compensating means. 

40 

5. The system of claim 1 , wherein said modifying 
means is operable to selectively control an 
optical gain of said first amplifier means. 

45 6. The system of claim 5, wherein said modifying 
means includes means coupled to an output of 
said compensating means for monitoring noise 
in the optical signal caused by over-compensa- 
tion and under-compensation of self phase 

so modulation and for adjusting the optical gain 

when noise exceeds a predetermined thresh- 
old. 

7. The system of claim 1, further comprising sec- 
55 ond amplifier means, having an input coupled 

to an output of said compensating means, for 
compensating insertion losses introduced into 
the optical signal by said compensating 
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means. 

8. An externally modulated optical fiber commu- 
nication system, comprising: 

an externally modulated transmitting 5 
means for generating an optical signal; 

a single mode fiber optic cable coupled to 
said transmitting means for receiving said op- 
tical signal therefrom; , 

at least one optical repeater means coup- io 
led to said first fiber optic cable for restoring 
power to said optical signal, said optical re- 
peater means including 

an optical amplifier connectable to said 
fiber optic cable for receiving said optical sig- is 
nal from the cable and for amplifying said 
optical signal to a launching power, 

compensating means for receiving the am- 
plified optical signal from said first amplifier 
means and for compensating optical dispersion 20 
in the optical signal accumulated along said 
fiber optic cable, 

means coupled to said optical amplifier for 
modifying the launching power of the amplified 
optical signal to be launched into said com- 25 
pensating means, said modifying means being 
operable to compensate for self phase modula- 
tion introduced into the optical signal by the 
fiber optic cable; and 

receiving means coupled to said compen- 30 
sating means for receiving a compensated op- 
tical signal therefrom. 

9. The system of claim 8, wherein said at least 

one optical repeater means comprising a plu- 35 
rality of said optica! repeater means, each said 
optical repeater means being coupled to an- 
other of said optical repeater means by a sin- 
gle mode fiber optic cable. 

40 

10. The system of claim 9, wherein each single 
mode fiber optic cable comprises a 1300 nm 
zero dispersion fiber. 

11. The system of claim 8, wherein said com- 45 
pensating means includes a dispersion com- 
pensating fiber. 

12. The system of claim 11, wherein said at least 

one optical repeater means further includes a so 
second optical amplifier operable to compen- 
sate for insertion losses introduced by the dis- 
persion compensating fiber. 

13. A method for compensating optical dispersion 55 
and self-phase modulation introduced into an 
optical signal by a fiber optic cable, comprising 

the steps of: 



supplying an externally modulated optical 
signal to an optical amplifier via the fiber optic 
cable; 

launching said optical signal from said op- 
tical amplifier into a length of dispersion com- 
pensating fiber selected to compensate chro- 
matic dispersion; and 

controlling during said supplying step the 
power of the optical signal launched during 
said launching step to compensate self-phase 
modulation induced in the optical signal by 
said fiber optic cable. 

14. The method of claim 13, wherein said control- 
ling step includes measuring noise in an op- 
tical signal output by the dispersion compen- 
sating fiber and adjusting a gain of said optical 
amplifier to maintain noise within predeter- 
mined limits. 

15. The method of claim 13, wherein said optical 
signal has a wavelength selected to cause 
anomalous dispersion in said fiber optic cable. 

16. The method of claim 15, wherein said fiber 
optic cable is a standard, single mode fiber 
and said selected wavelength is approximately 
1550 nm. 

17. The method of claim 15, wherein said fiber 
optic cable is a dispersion shifted cable. 
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